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Abstract In this work, an innovative and non-radioactive
functional cAMP assay was validated at the GPR17
receptor. This assay provides a simple and powerful new
system to monitor G protein-coupled receptor activity
through change in the intracellular cAMP concentration
by using a mutant form of Photinus pyralis luciferase into
which a cAMP-binding protein moiety has been inserted.
Results, expressed as ECsq or ICsq values for agonists and
antagonists, respectively, showed a strong correlation with
those obtained with [*>S]GTPyS binding assay, thus
confirming the validity of this approach in the study of
new ligands for GPR17. Moreover, this method allowed
confirming that GPR17 is coupled with a G;.

Keywords GPR17 - cAMP assay- GloSensor- Luciferine—
luciferase system
Introduction

Purinergic signalling is now recognized to be involved in a
wide range of activities: extracellular adenine and uracil
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nucleotides mediate short-term (acute) signalling functions
in neurotransmission, secretion and vasodilatation, and
long-term (chronic) signalling functions in development,
regeneration, proliferation and cell death [1]. In addition,
P2 receptors play an important role at respiratory system
and in correlated pathologies [2].

Cysteinyl leukotrienes (cys-LTs) (LTC4, LTD4, and
LTE,) are potent proinflammatory mediators which in-
crease vascular permeability and contract smooth muscles.
They are implicated in several pathologies with a clear
role in respiratory diseases such as asthma and allergic
rhinitis and are implicated in other inflammatory con-
ditions including cardiovascular, gastrointestinal, skin and
immune disorders [3].

Evidences suggest that among purinergic and cys-LIs
signalling molecules and their receptors there are important
functional interactions. The P2Y family is composed of
eight receptors, which can be subdivided into two groups
based on their coupling to specific G proteins. The P2Y,
P2Y,, P2Yy, P2Y, and P2Y; receptors couple to Gyq, to
activate PLC, and the P2Y,, P2Y,;, and P2Y 4 receptors
couple to G, to inhibit adenylyl cyclase [4].

To date, pharmacological studies identified two receptors
for cys-LIs, named CysIT1 and CysLT2, whose character-
istics were then largely confirmed by molecular biology
studies that allowed the cloning of two genes for the human
CysLT1 and CysLT?2 receptors [5].

The G protein-coupled receptor (GPCR) GPR17 is a
“dual” receptor specifically activated by two unrelated
families of endogenous ligands: uracil nucleotides and
cys-LTs [6].

GPR17 is highly expressed in organs typically undergo-
ing ischemic damage like the brain, heart and kidney, and
its in vivo early knock down, in a rat focal brain ischemia
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model, with either pharmacological or specific antisense
strategies, reduces the progression of cerebral ischemic
damage, highlighting GPR17 as novel therapeutic target for
ischemia [7]. In addition, recent data have shown that GPR17
has an important role in the development and post-injury
repair of damage in the brain and in the spinal cord [6]. At
very early times after injury, GPR17 seems to mediate cell
death and, at later stages, GPR17 may even participate in the
repair mechanisms [8]. These data further highlight that this
receptor could be an attractive new target for drug discovery,
and the use of GPR17 selective ligands could represent a
therapy strategy to contrast damage evolution in stroke.

Although a number of assay formats already exist for
monitoring GPCR functions and for pharmacologically
characterizing their ligands, the development of new
technologies that enable increased sensitivity and of novel
experimental readouts will undoubtedly advance efforts
both in academic research and drug discovery.

Promega recently developed a biosensor technology
called GloSensor™ cAMP assay, which provides a simple
and powerful new approach to monitor GPCR activity
through change in the intracellular cAMP concentration.
This assay uses a mutant form of Photinus pyralis
luciferase into which a cAMP-binding protein moiety has
been inserted (Fig. 1). Upon binding of cAMP, conforma-
tional change is induced leading to increased light output

N N COOH
/C[ \>—</ j|/ + 02 + ATP
HO S S

LUCIFERIN
LUCIFERASE

jon=as
HO S S

+ light (562 nm)

CO2; + AMP + PPi

OXYLUCIFERIN

Fig. 2 Schematic representation of luciferase reaction. Oxidation of

luciferin to oxyluciferin
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that allows evaluating the activity of ligands at the receptor
under study. Following pre-equilibration with a substrate,
cells stably expressing a biosensor variant can be used to
evaluate GPCR function enabling easy kinetic measure-
ments of cAMP accumulation or turnover in living cells.

Materials and methods
Cell culture

Human embryonic kidney (HEK293) L9-2 cells, as gift
from Promega Corporation (Promega, Madison, WI), were
grown adherently in Dulbecco’s Modified Eagle Medium
high glucose supplemented with 10% foetal bovine serum
(FBS), 20 mM L-glutamine, 1% sodium pyruvate, 1%
penicillin and streptomycin, 1% amphotericin B and
0.2 mg/mL hygromycin and incubated at 37°C in an
atmosphere of 5% CO,, 95% O,.

Transient transfection

Cells were seeded in a six-well plate and transfected at a
confluence of about 80% by Arrest-In reagent. In particular,
3 ug of hgprl7 and, separately, 15 pl of Arrest-In were
diluted in serum-free medium. Afterwards, the DNA was
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Fig. 3 FSK dose-response curve at HEK293 L9-2 cells transiently
transfected with hGPR17
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added to the Arrest-In reagent, mixed rapidly then incubated
for 20 min at room temperature according to the manual
protocol. The DNA-Arrest-In complex mixture was added
into the cells and incubated for 6 h in the CO, incubator at
37°C [9]. After the incubation, the transfection complex was
removed and fresh medium containing 10% of FBS was
replaced in each well. After 48 h of incubation, the cells
were used to perform a GloSensor cAMP assay.

GloSensor cAMP assay

Cells were harvested in CO,-independent medium and were
counted in a Neubauer chamber. The desiderate cell number
was incubated in equilibration medium containing a 3% v/v
GloSensor cAMP reagent stock solution, 10% FBS and
87% CO, independent medium. After 2 h of incubation, the
cells were dispensed in wells of 384-well plate and, when a

Table 1 Biological activity and response of the studied compounds at HEK293 19-2 cells transiently transfected with hGPR17 using the

GloSensor cAMP assay in comparison with [>>S]GTPYS binding assay
(0] (0]

NH(CH,),SCHj

|
NN ©) CF3(CHyp),S
0co 0
PPO ‘0-P—=P-0-P-0
(6] [e) oOCcloO O 0
3NH," HO OH 3NH," HO OH 4NH," HO OH
UDP PUP2 Cangrelor
ATP R=H,R'=H,X=N NH-R
PF9 R=H, R'=Ph-C=C-, X =N _ N
PF44 R=CHs,R'=H,X=N N I
PF45 R=cyclopentyl, R'=H, X =N R )\\
PF78 R=CHj, R'=Cl, X=CH X
PF89 R=CHj;,R'=Cl, X=N PPPO
PPP = triphosphate 4NH," O
PP = diphosphate HO Ol
Compound Response %" ECsy (nM)” ICs, (nM)* ECsy (nM)* ICso (aM)?
UDP 100 1,778 £ 320 1,140 £ 200
UDP-galactose 100 1,008 + 90 729 + 42
UDP-glucose 100 12,590 + 680 9,500 £ 1,100
PUP 2 100 549 + 32 945 + 48
PF9 100 0.035 £0.004 0.036 £0.003
PF 45 100 0.18 +£0.02 1.4+0.1
PF 78 100 0.77 £ 0.05 1.7+0.1
PF 89 100 33+5 11+1
ATP 65 37+4
Cangrelor - 0.50 £ 0.06 0.70 £ 0.02
PF 44 - 144 £ 18 112+7

*Response is expressed as percentage of the maximal relative luminescence units and is referenced against UDP, set at 100%

® Concentration of agonist required to produce 50% of the maximum effect
¢ Concentration of antagonists that produces 50% inhibition of agonist effect. Each concentration was tested five times in triplicate, and values are

given as the mean+SE
9Data taken from [>3 SJGTPYS binding assay [6, 11]
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steady-state basal signal was obtained, agonists, at different
concentrations, were added. The antagonist profile of the
compounds was evaluated by assessing their ability to
counteract an agonist-induced decrease of cAMP accumu-
lation. The cells were incubated in the reaction medium
(10 min at room temperature) with different antagonist
concentrations and then treated with agonists. Forskolin
(FSK) 10 uM was added 10 min after the agonists and
various luminescence reads were performed at different
incubation times.

Statistical analysis

Responses were expressed as percentage of the maximal
relative luminescence units (RLU) and referred to UDP
taken as 100%. Concentration—response curves were
fitted by a non-linear regression using a Prism 4.0
programme (GraphPAD Software, San Diego, CA,
USA). To quantify agonist potency, ECso values were
calculated. ECsq is the concentration of agonists required
to produce 50% of the maximum effect. To evaluate the
antagonist profile, ICsy values were determined. ICsq is
the concentration of antagonists that produces 50%
inhibition of the agonist effect. Each concentration was
tested five times in triplicate, and the values are given as
mean+standard error (SE).

Results and discussion

Initially, this work was focused to quantify cAMP after
GPR17 stimulation by using two different immune-
competitive assays, but no result was obtained. For this
reason, the new sensitive and non-radioactive GloSensor
cAMP assay was considered.

The assay optimization process and its validation are
essential to use it as a method to screen GPR17 ligands. For
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Fig. 4 Concentration-response curves in GloSensor cAMP functional
assays at HEK293 L9-2 cells transiently transfected with hGPR17 of
considered compounds. Each point represents the mean of five experi-
ments performed in triplicate with a maximum SE lower than +10
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Fig. 5 Effect of Cangrelor and compound PF 44 on UDP mediated
cAMP accumulation (vs forskolin, set to 100%) in HEK293 L9-2 cells
transiently transfected with hGPR17. Each point represents the mean
of five experiments performed in triplicate with a maximum SE lower
than +10

this reason, at the beginning, the first step was aimed at
individuating the specific crucial features of the assay that
are strictly correlated to its technology itself. In particular,
the number of cells, concentration of GloSensor cAMP
reagent to incubate with the cells, equilibration time, and
temperature were considered.

The GloSensor cAMP reagent is mainly composed of
Luciferin. Luciferin is the luciferase substrate that works in
the presence of cAMP produced after receptor activation.
The biosensor, becoming active, interacts with its substrate
luciferin converting it in oxyluciferin and emitting light at
562 nm, as reported in Fig. 2.

The equilibration time required for the GloSensor cAMP
reagent will vary depending on the cell number, concentra-
tion used in the assay, and incubation temperature. During
this process, the temperature should be constant, and it was
noticed that at room temperature (20-25°C), the results
obtained were better than those obtained at 37°C. Only
when the steady-state basal signal is reached, usually after
120 min, the cells are stimulated with the agonist and
luminescence measured. Generally, the luminescent kinetic
of each response shows a rapid initial increase, and it
remains relatively stable for 30—40 min. So, within a
window of 30-40 min, luminescent signals are red.
Moreover, this is a no-lytic assay that works well without
the incubation with phosphodiesterase inhibitors such as
rolipram suggesting the high response and system stability.
The increase of cAMP accumulation by addition of UDP at
HEK293 cells, stably transfected with the L9-2 plasmid
expressing a genetically modified form of firefly luciferase
and transiently transfected with human GPR17 (hGPR17)
plasmid, was determined. HEK293 cells do not constitu-
tively express P2Y receptors [6], and for this reason they
can be utilized to characterize the hGPR17 P2Y nature.

The experiments were performed after 48 h of hGPR17
transfection utilizing UDP, UDP galactose, and UDP
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glucose as referent agonists. In order to establish the
concentration of FSK that produce 80% of the maximum
response, the concentration—response curve was constructed
(Fig. 3). Results showed that the best concentration of FSK
was 10 uM. Initially, the experiments were carried out in
the presence or in the absence of FSK in order to evaluate if
GPR17 was coupled to G,; or G4s. Results showed that in
the absence of FSK, UDP did not produce the concentra-
tion—response curve, but in the presence of it, a good
concentration—response curve was obtained, confirming
that this receptor is coupled with a G; [10]. Experiments
for cell number optimization were achieved. Results
showed that an RLU decrease was noticed when the
number of cells as well as UDP doses, compared to the
control (non-stimulated cell), were increased. The number
of cells necessary to get a good luminescent signal at
HEK293 19-2 cells, transiently transfected with hGPR17,
was 80,000.

In order to validate this method, a series of compounds
previously evaluated with [*>S]GTPyS binding assay, based
on the ability of agonists to increase the binding of
radioactive GTP to the activated GPCR, was considered
[11]. In particular, the UDP analogue PUP 2 and the ATP
derivatives Cangrelor, PF 9, PF 44, PF 45, PF 78 and PF
89, differently modified in N° and in 2-position, were
selected (see Table 1). All the chosen compounds resulted
to behave as agonists in the [*>S]JGTPyS binding assay with
the exception of Cangrelor and PF 44, which proved to be
antagonists. In addition, also ATP behaviour was consid-
ered. The concentration—response curves of the tested
compounds, in comparison with UDP, UDP-galactose, and
UDP-glucose, are shown in Fig. 4.

The results reported in Table 1 revealed that compounds
PF 9, PF 45, PF 78, PF 89, and PUP 2 are more potent than
the reference agonists, with ECs, values very close to those
obtained with the other method reported in literature [11].
In fact, the most active of the series was PF 9 with an EC5,
value of 0.035 nM obtained with GloSensor cAMP method
vs 0.036 nM reported with [>>S]JGTPYS binding assay. In
addition, the less active compound was confirmed to be
PUP 2 with an ECs, value of 549 vs 945 nM. Moreover, the
correspondence of other compounds ECs, values was
elevated. All agonists showed full agonist behaviour with
the exception of ATP that resulted to be a partial agonist. In
this cell system, no response was ever observed when cells
were transfected with a corresponding empty vector.

The ability of the known purinergic antagonist Cangrelor
and of PF 44 to counteract an agonist-induced decrease of
cAMP accumulation in HEK293 L9-2 cells expressing the
hGPR17 were also assessed. Both Cangrelor and PF 44
were able to inhibit, in a concentration-dependent manner,
the decrease of cAMP induced by 50 uM UDP (Fig. 5) and
by 0.5 nM PF 9 (data not shown). Results obtained with

these two agonists are very similar, confirming that they
interact with the same receptor site.

A strong correlation was found by comparing these
results, expressed as ECs, or ICs, values for agonists and
antagonists, respectively, with the data obtained with [*°S]
GTPyS binding assay, thus confirming the validity of
this approach in the study of new potential ligands for
GPR17.

Conclusions

In this work, a new alternative assay to pharmacologically
characterize new and known receptors was validated.
Results obtained in terms of ECsq and ICs values, reported
and summarized in Table 1, are similar to the data reported
in literature and obtained by using [*>S]GTPyS binding
assay. Hence, our experiments proved that this innovative
and non-radioactive assay is a valid, reproducible and
robust alternative to the more traditional methods, and for
this reason, it may be used to screen new synthesized
GPR17 ligands.
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